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C ucnonb3oeanuem paspabomannbix KOMOUHUPOGAHHbIX Modenell npoeedeHo MoOeauposarie 00HO- U G8YX3AMBOPHBIX NOAEBbIX
mpan3ucmopos Ha 00HOCAOUHOM epaghere. Hccaedoeano eausnue paziu4Hslx aKmopoe Ha 60abm-amnepHble XapaKmepucmiKu
npubopos. Ioayueno xopowee coeaacoeanue pe3yabmamos paciemos ¢ IKCHePUMEHMANbHbIMU OGHHBIMU.
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Beenenune

Bosblioe BHUMaHKME B HACTOSIILEE BPEMSI B BBICO-
KOYACTOTHOW HAHOIMEKTPOHHUKE YIEISIETCS CO3MAHUIO
MPUOOPHBIX CTPYKTYP Ha OCHOBE YTJIEPOAHBIX HAHO-
matepuanoB [1]. [lepcrnieKTUBHO#M, B YaCTHOCTH, CUU-
TaeTcs pa3paboTKa MosieBbIX rpacheHOBBIX TPAH3IUCTO-
po (III'T) [2]. B cBS3K ¢ 3TMM OPOBOASATCA UHTEH-
CHMBHBIE MCCJICTOBAaHHS IO CO3MaHHIO MOJEEH TaKUX
npubOPHLIX CTPYKTYpP, 06€3 KOTOpPBhIX X pa3paboTka
W ONMTHMU3ALUS OyayT IPOCTO HEBO3MOXHbi. IIpo-
BeJeHHbIN aHavu3 nokaspiBaeT, uTo B Monenax T[T
BaXKHO YYMTHIBaTh CJIeAyIOILUE (HaKTOPbE: MOIBUKHO-
CTH JIEKTPOHOB M JIBIPOK; KBaHTOBYIO €MKOCTh; CO-
MIPOTUBIEHMS] CTOKA U UCTOKA.

Henbio paGoThl SABJSIETCA MOAEIUPOBaHKE C yde-
TOM OTMeYeHHBIX (PaKTOPOB BOJbT-AMITEPHBIX Xapak-
Tepuctuk I1I'T ¢ oiHUM M IBYMS 3aTBOpPAMH HA OCHO-
BE OIHOCJOMHOrO rpadeHa ¢ UCNOAb30BAHUEM Ipea-
JIOXKEHHBIX KOMOMHMPOBaHHBIX MOENEH.

Monean

Hamu yxe otmeuanocws [3], 4To .mis omucaHMs
TpaHCHoOpTa B rpadeHe HeoOXOAUMO NPHUMEHSTD B Ka-
YeCcTBE MCXOOHBIX YpaBHEHHUS KBaHTOBOM SMEKTPOAU-
Hamuky. OIHAaKo B paccMaTpuBaeMbiX B pabore ciy-
yasx OJHOCIONHOro rpadeHa Ha MOLIOXKAX pasiuy-
HOro TUTA JOITYCTUMO MCIIONb30BaTh YPABHEHUS He-
PEIATUBUCTCKON KBAHTOBOM MEXaHUKH U CAEAYIOLLUX
M3 HUX GoJiee ITPOCTHIX KBAHTOBBIX Mojesieit [4]. AHa-
JIN3 MOKAa3bIBAET, YTO B KAYeCTBE MCXOIOHBIX AOCTa-
TOoyHO MCcnojb30Bath Ans III'T ¢ xapakTepHbBIMU Ha
HACTOSILLIMIT MOMEHT BPEeMEHU pa3MepaMu ypaBHEHUS
KBaHTOBO# nUddy3nonHo-apeiidhoBoi Monenn [4].

PaccMoTpuM mnipeanoXeHHbIe KOMOWHHUPOBaHHbBIE
mopem II'T.
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B kauecTtBe Moneau | UCMOJb30BATHU YIIPOLICHHYIO
KOMOWMHUPOBAaHHYIO Mojaedab AByx3aTrBopHoro III'T
(comracho kiaccudukauuy [4—6]), coyeTaouyio 3e-
MeHTBl (PU3KKO-TOMONIOTHYECKON U 3JEKTPUUECKOMN
MoJeJIeH.

Ha nepsoM 3tare B Moaenu | pacCYUThIBAEM KBaH-
TOBYIO EMKOCThL MO YIpoilleHHOU dhopmyne 7]

) 3
Cq = —_q'—z > (1)
n(hVp)

roe g — 3apsij 3JeKTpoHa; A — nocrosiHHas [1naHka,
AesleHHasi Ha 2m; ckopocTs Pepmu Vi = 10° M/cC.

3aTeM BBIUMCIISIEM €MKOCTU 3aTBOPOB (/151 IBYX3a-
tBopHoro III'T) uiau emkocTs 3aTBOpa (A1 OfXHO3a-
tBopHOro INI'T) cornacHo COOTHOLIEHUIO

C C
Cp= =L, )
& Cq+ Cin

rne C;,, — eMKOCTb, c(hOpMUPOBAHHAsi MEXIy 3aTBO-
poM U cjioeM rpacdeHa.

Janee pacCUMTHIBAEM NEKTPOCTATUIECKHIA TOTEH-
1MaJl KaHajia COIJIaCHO COOTHolueHHIo [8, 9]:

Y= Col(Vig= Vigo = V() + Cop(Vior — V(x))’ )
Cgt + Cgb +a C(]

rie Cyy, Cpp — EMKOCTH BEPXHETO, HUXKHETO 3aTBOPOB;

V,, — HanpsXeHHe Ha BEPXHEM 3aTBOPE; Vo — 3-

¢ekTUBHOE HAIpSKEHUE Ha HHXKHEM 3aTBOPE; Vth —
Hanpsixenue Hupaka misi BepxHero 3arBopa; M(x) —
3JIEKTPOCTATUYECKHI TTOTEHLIMA KaHaja NpY HYJIEBOM
cvemieHun it Mx=0)=0u Mix=L) =V, V, —
MTOJTHOE MafeHue HaNpsSKEHUA B KaHase; Koadhduim-
eHT emkoctu o = 0,5 ripu q|V| > kT, k — nocrosHHas
BoneiiMana; T — TeMmeparypa OKpYXalolleil Cpepl.




Bripaxenue (3) mpuMeHMMO IJisi JBYX3aTBOPHBIX
III'T. B cnyyae ogHo3aTBopHoro III'T oHo npeoGpa-
3yeTcsl K BUIY:

Cg( Vg— VgO - (x) ,
Cg+ och

V= S

rae V(g — HanpsXEHME Ha 3aTBOPE; VgO — HaMpsKEeHUE
HAupaka njis 3aTteopa.

KBaHTOBBIC ABICHUSI MOTYT OBITH YYTEHBI C MOMO-
1160 3QPEKTUBHON MOABMXKHOCTY HOCHUTENEH 3apsiaa
W, YYMTBIBAIOUIEH ITOABUXHOCTU 3JEKTPOHOB U Abl-
pOK, OOlLlIeil TIJIOTHOCTU 3apsiga Jjucta rpadeHa Q u
kBaHTOBOW eMKocTu C,. Ha BTOpoM sTane Ha OCHOBE
HalIEeHHOTO 3JIEKTPOCTATUYECKOrO MOTEHUMANA B Ka-
HaJle pacCcYUTHIBAIOTCS (P GheKTUBHAS NOIBUXHOCTH
HocUTesIel 3apsina B rpageHe u cornacHo moaenu (10)
13 pabotsl [10], yyuThIBaIOLIAS MTOIBUXHOCTU 2JIEKT-
POHOB U JABIPOK, a TaKXKe 00Hiasi MIOTHOCTh 3apsiia
nucta rpacdena Q cornacHo [11]:

Q= ‘I’T(kT)z + ‘I3V2 +q[ A2 )’ (3)
3Ve°  mVp' iV

rae A — HEOOHOPOAHOCTb 3MEKTPOCTATUYECKOrO TO-
TEHLHAIA.

Hanee nis HaXOXIEHUs TOKA CTOKAa HUCIOIb3yeTCsl
dopmMyna, noaydyeHHass U3 KBAaHTOBOUW AU PY3UOHHO-
JpeiidoBoit Moaenu, a uMeHHo [8, 9]:

Vch
W | nQav

Ij= ———, (6)

Vch

L+ f L gy

0 Vsar

rie W — mpuHa KaHasia, L — niMHa KaHana; Vi, —
CKOPOCTh HachimeHusA. CKOPOCTh HACHILICHHSE PACCUU-
TBIBAeTCSA Ha OCHOBE cooTHouleHUs (11) paGotsi [10].

3aMeTUM, 4TO €CJIM HE YYUThIBATb KBAHTOBHLIC SIB-
JIGHHS1 U MaJeHUs HaMpSDKEHUI Ha o0MacTsix CTOKa U
MCTOKa, TO B 3TOM ciay4ae V., = V, (V; — nanpsaxe-
HHUE, MPUKIATLIBAEMOE K CTOKY OTHOCHUTEIBHO HCTO-
Ka), a CooTHolIeHue (6) MPUBOIUT K TPAAULIMOHHOM
IndPysuoHHo-apedoBO MOAETH, UCTIONb3YEMOMH
MHOTHMMU aBTOpaMu (MHOTAA ¢ MOAMMUKALUAMU U
KOppEeKIIMSIMHM) MpH pacuetre Toka croka ITIT.

Ha 3aBepiuarollieM 3Tane nocjae HaxoxiaeHus [,
NIEPEPACCUMTHIBAEM HAIPsDKEHUE V; ¢ yuyeToMm namie-
HUI HaTNpsIXKEHUN Ha CONPOTUBJICHUAX CTOKA Ry U UC-
Toka R, 1. e. V; =V, + (R; + R)1;. 3amerum, yto
B obwiem ciaydae R; # R v He paBHbI 0.

Paccmorpum mogens 2 TIT'T.

Ha nmepBoM 3Tarne, Tak e Kak U B Mojenu 1, pac-
CUMTHIBAEM KBAHTOBYI0O €MKOCTb [0 YIPOIUEHHOM

¢opmyne (1) ¥ EMKOCTHA 3aTBOPOB COIJIACHO COOTHO-
meHuo (2).

HJanee B oTiuuue ot Monenu 1 ¢ MOMOLUBIO UTepa-
IMOHHOTO METOHA CaMOCOIIACOBAHHO PaCCUYHMTHIBAEM
3JIEKTPOCTATUUECKUI MOTEeHUMAA KaHata o popmyie
(3) (c yueToM K0o3(pPHULIMEHTA EMKOCTH 0.) M KBaHTO-
BYIO €MKOCTb COIJIACHO COOTHOIEHHIO [7]:

3
C,= 24| )
n(hVp)

B cootHoureHuu (3) ucmosb3yercs: dhopmyna (14)
u3 pa6othl [10] a7 o, B KOTOpOH YYUTBHIBAeTCS €TO
U3MEHEHHE B 3aBUCUMOCTH OT 3JIEKTPOCTATHYECKOTO
rnoreHuMana B xaHaie V. [lepepacyeTr BeJIMYUH OCY-
LIESCTBIISIETCS CaMOCOTJIACOBAHHO 1O TeX IOp, IMoKa
MOIPAaBKa 3JIeKTPOCTATUYECKOro MOTSHLIMANA B KaHa-
Jie He IOCTUTHeT 3aJaHHOro 3HauyeHMs. B cinyyae on-
Ho3arBopHoro [I'T ucnose3yerca cooTHouieHue (4).

Janee a(pdexTHBHYI0 NOABUXHOCTb W, OOILYIO
MJIOTHOCTH 3apsiaa JUcTa TpadeHa () BbIUMCIASIEM Tak
Xe kKak B mozaenu 1. CKOpoCTb HACBILLIEHHST PacCYH-
TBIBAE€M C YYETOM PACCesIHUSI Ha ONTUYECKUX (hoHOHAX
Ha ocHoBe Moaenu [12]:

Vi

T’ ecm IQnet| < q‘pcritl

2
Viar = 2gqQ n(hVp) 'Qneri B (@)2 (8)
2 b
V| Qe q 2
ect | Q.01 > 4|P ey
1[0
Perit = 2_1_[ [VFJ ’ (9)

TAE Py — KPUTUYECKAS TJIOTHOCTb HOCUTENIEN 3aps-
na; Q,,; — TUIOTHOCTh 3apsafa HOCUTENIEH B KaHalie
(Qper = lot C, V), hQ — adbdexTrBHasE HEPrUs ONMTH-
YyeCKUX (pOHOHOB.

Tok cTOKA BBIUMCISIEM cOlIacHO (6). 3aBepiiaio-
LMt 3Tan pacyeTOB COBNAAAET C TAKOBBIM IIJIsI MOJie-
au 1. Mogenb 2 Gosee aaeKkBaTHas MO CPaBHEHHIO C
MOJENbI0 | U MO3BOJISIET MOJYYUTh XOpOLlIee COoria-
COBaHHUE C KCIEePUMEHTATBHBIMH JaHHBIMH, TaK KaK
3JIEKTPOCTATHYECKU I ITOTEHIIMAT B KaHAJIE ¥ KBAaHTO-
Basl €MKOCTh PaCCUMTHIBAIOTCS CaMOCOINIACOBAHHO.
Kak nmpaBwio, mapaMeTpaMM MOJEJHU IPH COriacoBa-
HHUH PAaCYETOB C 3KCIIEPUMEHTOM SIBJISIOTCS COMPOTHB-
JeHus cToka R, m ucroka R, a Takxe h B 3pdexTns-
HO#l MOABMKHOCTH HOcHTeseH 3apsina [10].

Pa3paboTtaHHble NpOrpaMMBbl, PeaiM3yIOlINe OITH-
CaHHBbIE MOJIEIU, BKJIIOYEHBI B CHCTEMY MOIE/IMPOBAHUS
HaHO3JIeKTpOHHBIX ycTpoiictB NANODEV [13—15],
pa3pabareiBaemyio B BI'YUP ¢ 1995 r. 1 npeaHasHa-
yeHHylo s [I9BM.
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PesyabTaThi MoaeIHPOBaHMS

C npuMeHeHHEM pa3paboTaHHBIX KOMOMHUPOBAH-~
HBIX Mojieneit 1 ¥ 2 MPOBOAWIM pacdeT BLIXOAHBIX Xa-
pPaKTEPUCTUK OMHO- W AByx3aTBopHbIx IIT'T Ha ogHoO-
cnoitHoM rpageHe. PacyeTsl OCYyLIECTBASLIM NIPU TEM-
neparype 7= 300 K, ecnu He ykasano apyroe. Ha rpa-
(buKax MpuBeAeHbI Pe3yJbTAThl ISl TOKA CTOKA WIH
IUIOTHOCTY TOKA CTOKa JUIs1 yA00CTBa CPAaBHEHHUS C pe-
3yJIbTaTAMU APYTUX MOZENCH TUO0 C SKCIIEPUMEHTANb-
HbIMH JAHHBIMU.

Ha puc. 1 nokazaHo norepeyHoe ceYyeHUE IBYX-
3atBopHoro I1I'T Ha ocHOBe olHOCOIMHOrO rpadeHa.
B cnyuae oaHo3zaTtBopHoro III'T BepxHuit 3arBop OT-
cyrcTByeT. HuxHuit 3atBop asyxsatsopHoro III'T or-
JieJIeH OT KaHaja TOJCTBIM AU3JEeKTpUKOM. OH Heob-
XOIMM LTSl YIIPaBACHUS MOJIOXEHHEM TOUYKU 3JIEKTPO-
HEUTPAJIbHOCTH Y TUIIOM MPOBOJIMMOCTH.

OCHOBHBIMM KCXOOHBIMU HAaHHBIMM [IJIS pacuera
SIBJISIIOTCS: JUTMHA M 1IMPWHA KaHala, TOJIIMHEI CJI0EB
IUSJICKTPUKOB I BEPXHET0 M HIXKHEro 3aTBOPOB,
aubo B ciyyae ogHo3aTBopHoro I1I'T — TtoawmHa nu-
3JICKTPUKA OJHOTO 3aTBOPA; MOABMXHOCTH 3JIEKTPO-
HOB U IbIPOK B rpadeHe, AUDIEKTPUUECCKME MPOHU-
L[aeMOCTH TOA3aTBOPHOTO IU3NEKTPUKA I BEPXHE-
TO U HMXHEro 3aTBOpoB, ckopocTb depMu B MOHO-
cioe rpadeHa, HEOAHOPOTHOCTh 3JEKTPOCTATUIECKOTO
MOTEHLMAIA, 3HEPrUsl ONTUYECKUX (DOHOHOB, 3aBUCS-
wasi OT MOA3AaTBOPHOro AM3NEKTPUKA; MPUKIAIbIBAC-
MbIe¢ K NMPUOOPY HAIPSLKEHMS, TEMTIEPATYPa OKPYXalo-
e cpelibl; COMPOTUBIEHUST CTOKAa U UCTOKA; Hanps-
keHus Jlupaka misi BEpXHEro U HUXKHEro 3aTBOpOB.

PaccMOTpUM pe3ynbTaThl pacyeToB, MOMYYEHHBIE C
noMoiibio Moneau 1. Ha puc. 2 nmokasaHbl BbIXOAHbIC
xapaktepucTuky I1I'T 1 npy pa3nuyHbix CONPOTHABIIE-
Husix croka R, u ucroka R III'T 1 pacrionaraercs Ha

Puc. 1. Ilonepedanoe cevenne nsyx3atsopuoro III'T na ocHore oxn-
HocJjoiiHoro rpadena: S — ucrox; G — BepxHuit 3arBop; BG — HUX-
Huit 3aTBOp; D — cTOoK; 7 — nomnoxka; 2 — AU3MEKTPUK HUXKHETO
3aTBOpa; 3 — OIUANIEKTPHUK BEPXHETO 3aTBOPa; 4 — METAJT BEPXHETO
34TBOPA; 5 — METAL HUXHETO 3aTBOPA; 6 — MeTA HCTOKA Y CTOKa;
7 — rpadeH

Fig. 1. Cross-section of dual-gate GFET based on monolayer graphene:
S — source; G — top gate; BG — back gate; D — drain; 1 — substrate;
2 — back-gate dielectric; 3 — top-gate dielectric; 4 — top-gate metal;
5 — back-gate metal; 6 — source and drain metal; 7 — graphene
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Puc. 2. Boxoansie xapakrepuctuky Asyx3arsopaoro III'T 1 ¢ pm-
HO# KaHana 5 MKM NpH pa3IMIHbIX CONPOTHBICHAAX HCTOKA K CTOKA,
paccynTannbie no mogesm 1: / — R;= R, =0 0m; 2— R;= 10 Om;
R;=300M; 3 — R, =10 0OM; R; =90 OMm; 4 — R, = 10 Om;
R, =150 Om

Fig. 2. Output characteristics of 5-um dual-gate GFET 1 for various
source and drain resistances calculated with the use of the model I:
I1—R;, =R =02—R =10 R; =306 3— R =100
Ry =90 4— R =105 R, =150 02

noanoxke Si0,/Si u umeeT 1Ba 3aTBopa. TOHKMIA croi
AlO; aBnseTcss OM3JIEKTPUKOM BEPXHETO 3aTBOpA.
Hdnuna kanana L = 5 MkwM, a apyrue napametpst [11T 1
npuBeAcHbl B pabore [16]. XapakTepUCTHKM pacCyu-
TaHbl C YUETOM HE TOJBKO 3JICKTPOHHOM, HO ¥ ABIPOY-
HoW mpoBoguMocTd. OTMETUM, YTO pe3yAbTaThl MOJE-
JTMPOBaHUA A5 ciydast Ry + R, KauecTBEHHO MpaBUiIb-
HO OTpaXaloT M3BECTHblE IKCIEPUMMEHTaJbHbIE NaH-
Hble [16], T. €. ¢ pocTOM R; TOK CTOKa CHUXXAETCH.

Hanee npuBOIUM pe3ysIbTAaThl PacueToB, MOJYYEH-
HbI€ TOJIbKO C MOMOLUBIO MOAEIH 2.

Ha puc. 3 noka3aHbl BHIXOAHBIE XapaKTEPUCTUKH
ogHoszarsopHoro [1I'T 2 ¢ miuHOoM KaHana L = 3 MKM,
noJiyueHHbie B pabore {17], npu pazaMyHbIX 3HAYEHH-
SIX TONLUIMHBI TU3JIEKTPHKA. Posib nua/IeKTpHKa 3aTBO-
Pa BbINOJHSET rekcaroHaibHbli HUTpUA 6opa (h-BN).
PacueTbl BBIMTOJHEHBI A5 CIydast Vgs = —2 B, addek-
THUBHAA 3HEPrus onTuieckux poHoHos AQ = 200 maB.
KpuBasg I cooTBETCTBYET 3HAYEHHIO TOJUIMHEI h-BN
8,5 uM, kpuBasg 2 — 9,5 um, kpuBasg 3 — 10,5 M. BeI-
JIO YCTAHOBJIEHO, YTO YBETUUYEHUE TOJILMHBL TUJIEKT-
pHKa MMPUBOAUT K YMEHBIIEHUIO TOKA CTOKa. OTMETUM
XOpollee COTIaCOBaHUE Pe3yIbTATOB MOIETMPOBAHUS
¢ UCMoIb30BaHUEM napaMmeTpos h = 0,178 M2/(B - ¢),
R; = R; = 200 OM (xpuBas I) ¢ 3KCIIEPMMEHTAJIbHbI-
MM JaHHBIMM (KpuBas 4) pabotnt [17].

Ha puc. 4 nmoka3zaHbl BbIXOJHbIE XapaKTEPUCTUKU
[T 2 opu pasnuuHOi fiMHe KaHana. PacuyeThl Bbi-
MOJIHEHBI TSI CIydast Vgs = —1,5 B. Kpunasa I coor-
BETCTBYET [UTHHE KaHaja 3 MKM, KpuBasd 2 — 6 MKM,
KpuBasg 3 — 9 MkM. BUIHO, 4TO ¢ yBeTUUEHHUEM JJIU-




HBI KaHalla CYLIECTBEHHO CHUXAETCS TOK CTOKa, YTO
comiacyercss C HM3BeCTHbBIMM JaHHbIMU s TITT.
IMonyyeHo TakXe XOpollliee COIJIACOBaHUE Pe3yJIbTa-
TOB MOIEJIMPOBAHUS C UCIIOJb30BAHUEM [1APAMETPOB
h=024M%/(B-c), R;= R,= 200 OM (kpusas I) c 3K-
CIepUMEHTATBHBIMU JAaHHBIMU (XpUBast 4) padotsl [17].

C noMolpio Moaenu 2 ObLid IMPOBEAEHBI PacueTh
BBIXOAHBIX XapakTepUCTUK JByx3aTtBopHoro IIT'T 1
NpU PasIMYHBbIX TEMIIEpaTypax OKpYyXarollleid Cpelbl
(puc. 5). B pacyerax ucnosb3oBaHa 3¢ ¢eKTUBHAA
SHeprusg ontuyeckux goHoHoB AQ = 55 maB. Kak n
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' I
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Puc. 3. Beixoannie xapakTepacTuka ognosarsopuoro III'T 2 ¢ pymm-
HO#i KaHaga 3 MKM NIPH pasjiMYHBIX TOJIIWHAX AMIJEKTPHKA, pac-
cudTaHnbie no Moaeimn 2: / — d =85 uM; 2 —d =95 um; 3 —
d = 10,5 um; 4 — sKcnepuMeHTaNbHbIEe JaHHblE [17]

Fig. 3. Output characteristics of 3-um single-gate FET 2 for various
dielectric widths calculated with the use of the model 2: | — d = 8.5 nm;
2—~d=95nmm; 3 —d =105 nm; 4 — the experimental data [17]

— e e e e e e — = =,

Puc. 4. Boixoansie XapakrepacTakyu oauo3arsoproro IIIT 2 npn pa3-
JIMYHBIX JJIMHAX KaHAJIA, PACCIMTAHHDIE o Mojema 2: | — L = 3 MxM;
2— L=6MkM; 3— L=9 MKM; 4 — 3KCNIepUMeHTAIbHbIE AaHHbIe [17]
Fig. 4. Output characteristics of single-gate FET 2 for various channel
lengths calculated with the use of the model 2: 1 — L = 3 ym; 2 —
L=6um; 3— L =9 um; 4— the experimental data [17]
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Puc. 5. Boixoausie xapakrepucTukn asyxsatsopnoro III'T 1 ¢ nm-
HO¥M KaHaNa 5 MKM NPH Pa3iMYHbIX 3HATEHHAX TEMOECPATYPhl OKpY-
Kawmeil cpensi, paccunTanubie mo moaean 2: /1 — 7=300K; 2 —
T =177 K; 3 — akcnepuMeHTanbhble faHHbie npy 7 = 300 K [16]

Fig. 5. Output characteristics of 5-um dual-gate GFET 1 for various
temperatures calculated with the use of the model 2: 1 — T = 300 K;
2— T=77K; 3 — the experimental data for the room temperature [ 16]

CJIeOBAJIO OXWIAaThb, C YMEHBIIEHUEM TEMIIEpaTyphl
TOK CTOKa nagaet. Ilpy 3TOM mojiydeHO XOopollee Co-
rjacoBaHUe pe3yJbTaToOB MOAENUPOBaHUS (kpuBas /)
IUTSl cliy4dasi HaIpsKEHMs Ha BEPXHEM 3aTBOPE, pABHOM
—1 B, npy KOMHATHOU TeMIIepaType ¢ 3KCIEepUMEH-
TaJbHBIMU AaHHBIMU (KpuBas 3) u3 pabotel [16]. ITpu
pacyerax MUCIOJb30BaH napametp 4 = 0,06 M2/(B *C),
aR;=R;=00m

Jakiaouenue

B pabGote mnpenoxeHbl KOMOMHUPOBAHHBIE MOJIE-
JIM OJHO- M JIBYX3aTBOPHBIX IMOJIEBBIX rpadeHOBBIX
TPaH3UCTOPOB HA OCHOBE YpaBHEHU I KBAHTOBOMW Aud-
¢dy3uoHHO-IpeidoBoit Mmogenu. B Moaesix nonyctum
COBMECTHBIH YYET psAa BaxXHbIX (hAKTOPOB, 4 KUMEHHO:
1) MOABMKHOCTEN JIEKTPOHOB U IbIPOK; 2) KBAHTOBOM
€MKOCTH; 3) CONMPOTHUBJIECHUM CTOKA U HUCTOKA U BO3-
MOXHOTO MX paziauumsi. Mojenb 1 sBasieTcs yrpo-
HEHHOH M €€ MOXHO MCIIOJIb30BaTh [l 9KCIPECCHBIX
MHXEHEPHBIX OLIEHOK. PesynbTaThl, MOJyYEeHHBIE C
MOMOIIIBIO MOJENH 1, COIacyIOTCS KaueCTBEHHO JTUbOo
C pe3y/bTaTaMM PacyeTa 10 U3BECTHBIM MOIE/SAM, JIU-
00 C 3KCHEepUMEHTABHBIMY OaHHBIMU. B monpenu 2
9JIEKTPOCTATUYECKU I HOTEHIIMAT HAXOMUTCS HAa OCHO-
BE CAMOCOTJIACOBAHHOI'O pacyeTa ¥ NPUBOIMT K GoJiee
TOYHBIM KOJMYECTBEHHBIM PE3yJIbTaTaM, HEXEIN MO-
menb 1. Tak, ¢ ee MpEMEHEHUEM TOJIYYCHO XOpollee
COMIACOBAHME PE3YJILTATOB MOAEIUPOBAHUS C 3KCIE-
PUMEHTAIBHBIMU JAHHBIMM KaK AN OQHO3aTBOPHO-
ro, Tak ¥ mia asyx3arsopHoro [1I'T. C ucnonn3oba-
HHEM NPEIOXKEHHBIX MOAEICH UCCIIEA0BAHO BIUSTHUE
pa3TMYHbIX (PAKTOPOB HA BOJIBT-aMIIEPHBIE XapaKTe-
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pUcTUKU npubopoB. IIporpaMMel, peaau3yioliue Mo-
JIEJW, BKJIIOYEHBl B CUCTEMY MOACIMPOBAHMSI HAHO-
anekTpoHHbIX ycrpoiicte NANODEV [13—15].

Paboma evinoanena é pamrax Iocydapcmeentoii npo-
2pammbl HayuHbix uccaedosanuid "Kowneepeenuus" Pec-
nybauku beaapyce.
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Introduction

In high-frequency nanoelectronics a lot of atten-
tion is devoted to development of devices on the basis
of carbon nanomaterials [1]. In particular, develop-
ment of graphene field-effect transistors (GFET) is
considered promising [2]. This explains the current in-
tensive research works for development of models of
such devices, without which their optimization will be
simply impossible. An analysis shows, that in GFET
models it is important to take into account the follow-
ing factors: the mobility of the electrons and holes;
the quantum capacitance; the drain and source resist-
ances.

The aim of the work is simulation with account of
the above-mentioned factors of the IV-characteristics
of GFET with single and dual gates based on a mon-
olayer graphene with the use of the proposed combined
models.

Models

As we pointed out [3], a transport description in
graphene required as initials the equations of the quan-
tum electrodynamics. However, in the cases of a mon-
olayer graphene on substrates of various types consid-
ered in the paper it is possible to use equations of non-
relativistic quantum mechanics and more simple quan-
tum models resulting from them [4]. An analysis shows
that for GFET with the characteristic at the present
time sizes as initials it is enough to use the equations of
the quantum diffusion-drift model [4].

Let us consider the proposed combined models of
GFET.

As model 1 a simplified combined dual-gate model
of GFET (according to classification [4—6]) was used
integrating elements of the physical and electric
models.

At the first stage in model 1 we calculate the quan-
tum capacitance according to the following simplified
formula [7]

c,= 2L, (1)

where ¢ — the electron charge; # — the Planck con-
stant, divided by 2x, the Fermi velocity V7= 10 m/s.

Then we calculate the capacitances of the gates
(for a dual-gate GFET) or capacitance of a gate (for
a single-gate GFET) according to the following for-
mula:

C,C;
—_ q i

where C;,, — the capacitance formed between the gate
and graphene layer.

Then, we calculate the electrostatic potential of the
channel according to the following formula

V= Cgf( Vtg

- I/I‘g()_ V(x)) + Cgb( Vbe_ﬁ - V(x))

Cy+ Cgp+ aC,

3

where Cg,, Cgb — the top- and back-gate capacitances,
Vg — the top-gate voltage; Vj,r— the effective back-
gate voltage; Vo — the Dirac top-gate voltage; Mx) —
the electrostatic potential of the channel at a zero shift
for x=0)=0and Nx= L) = V,, V., — the com-
plete voltage drop in the channel, capacitance coeffi-
cient o = 0,5 at g|V| > kT, k — Boltzmann constant,
T — environmental temperature.

Expression (3) is applicable for the dual-gate GFET.
In case of a single-gate GFET (3), it will be trans-
formed in the following way:

_ V= Vo= (x)

V
Cg+ och

: Q)

where Vg — the gate voltage; Vgo — Dirac voltage for
the gate.

The quantum phenomena can be taken into account
by means of an effective mobility of the charge carriers
u, considering the mobility of the electrons and holes,
total transport sheet carrier density in graphene Q and
quantum capacitance Cq. At the second stage on the ba-
sis of the obtained electrostatic potential in the channel
the effective mobility of the charge carriers in graph-
ene u is calculated in accordance with model (10) from
[10], taking into account the mobility of the electrons
and the holes, and also the total transport sheet carrier
density in graphene Q according to [11]:

2 3.2 2
o= 4 4V +q[ A J, 5)
3V AV g h Vg
where A — the inhomogeneity of the electrostatic po-

tential.

For finding of the drain current a formula obtained
from the quantum diffusion-drift model is used [8, 9]:

Vch
W [ uQdv
Y ©
L+| [ tav
0 Vsat

where W — the channel width; L — the channel length;
V.4 — the saturation velocity. The saturation velocity is
calculated on the basis of formula (11) from [10].

We should point out that, if we do not take into ac-
count the quantum phenomena and voltage drops on
the drain and source areas, then V,, = V; (V; — the
voltage applied to the drain in relation to the source),

and the formula (6) leads to the traditional diffusion-
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drift model used by many authors (sometimes with
modifications and corrections) for calculation of the
drain current of GFET.

At the final stage, after we find /;, we recalculate V,
with account of the voltage drops on the resistances of
drain R; and source R, thatis V;= V,_, + (R; + Ryl
We should point out that in a general case R;# R and
are not equal to 0.

Let us consider model 2 of GFET.

At the first stage, just like in model 1, we calculate
the quantum capacitance according to the simplified
formula (1) and the capacitances of the gates according
to formula (2).

Unlike model 1, by means of the iterative method
we calculate self-consistently the electrostatic potential
of the channel according to formula (3) (taking into ac-
count the capacitance coefficient o) and the quantum
capacitance according to formula [7}:

3
C,= 24 . %)

In relation (3) formula (14) from [10] for a is used,
which takes into account its variation depending on the
electrostatic potential in channel V. Recalculation of
the values is carried out self-consistently until the mo-
ment, when the variation of the electrostatic potential
in the channel reaches the defined value. In case of a
single-gate GFET the formula (4) is used.

The effective mobility p, total transport sheet carrier
density in graphene Q are calculated just like in model 1.
The saturation velocity is calculated with account of
scattering on the optical phonons on the basis of the
model [12]:

14
—L, ecnnt Qe < 4lPer)
Vr=1__240 Jn(hVFleneA _pop, ®
2 b
V5| Qe q 2
eciiu |Qne,| > q|pm~t|;
_1(a
Perit = 5~ (—I}}J, 9)

where p,,;; — the critical charge carrier density; Q,,, —
the charge carrier density in the channel (Q,, =
= |aC,V|); hQ — effective energy of the optical pho-
nons.

The drain current is calculated in accordance with
(6). The final stage of the calculations coincides with
that for model 1. Model 2 is more adequate in com-
parison with model 1 and it also allows us to obtain a
good agreement with the experimental data, because
the electrostatic potential in the channel and the quan-
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tum capacitance are calculated self-consistently. As a
rule, the model parameters for agreement with the ex-
perimental data are the resistances of drain R; and
source R, and also 4 in the effective mobility of the
charge carriers [10].

The developed programs realizing the described
models are included in the simulation system of nano-
electronic devices NANODEYV [13—15], developed in
BSUIR since 1995 and intended for PC.

Simulation results

With application of the developed combined mod-
els 1 and 2 calculations of the output characteristics of
the single- and dual-gate GFET on a monolayer graph-
ene were performed. The calculations were carried out
at 300 K, unless otherwise indicated. The diagrams
present the results for the drain current or more accu-
rately the drain current density for convenience of
comparison with the results of the other models or with
the experimental data.

Fig. 1 presents a cross-section of a dual-gate GFET
based on monolayer graphene. In case of a single-gate
GFET the top gate is absent. The back-gate of the dual-
gate GFET is separated from the channel by a thick di-
electric. It is necessary for the position of the electrone-
utrality point and the conductivity type control.

The basic data for the calculation are: length and
width of the channel, thicknesses of the dielectric layers
for the top- and back-gates, or, in case of a single-gate
GFET, dielectric thickness of the gate; mobility of the
electrons and the holes in graphene, dielectric constant
of the dielectric for the top- and back-gates, Fermi ve-
locity in the graphene monolayer, inhomogeneity of the
electrostatic potential, the optical phonon energy, de-
pending on the subgate dielectric; the voltages applied
to a device, the environmental temperature; the drain
and source resistances; Dirac point voltage for the top-
and back-gates.

Let us consider the results of the calculations re-
ceived by means of the model 1. Fig. 2 presents the out-
put characteristics of GFET 1 at different resistances of
drain R; and source R, GFET 1 lays on the substrate
of SiO,/Si and has two gates. A thin layer of Al,O; is
the dielectric of the top gate. Length of the channel
L = 5 um, and the other parameters of GFET 1 are
presented in the paper [16]. The characteristics were
calculated with account of not only the electron, but al-
so the hole conductivity. We should point out that the
simulation results for R; # R, case reflect qualitatively
correctly the known experimental data [16], that is,
with the growth of R, the drain current decreases.

Further we present the results of the calculations re-
ceived only by means of model 2.

Fig. 3 presents the output characteristics of a single-
gate GFET 2 with channel length L = 3 um [17] at dif-
ferent values of the dielectric’s thickness. Hexagonal




boron nitride (h-BN) is the gate dielectric. The calcu-
lations were carried out for the case of V,, = =2V, the
effective energy of the optical phonons AQ = 200 meV.
Curve I corresponds to the h-BN thickness of 8.5 nm,
curve 2 — 9.5 nm, curve 3 — 10.5 nm. It was estab-
lished that an increase of the dielectric thickness leads
to a reduction of the drain current. We should underline
a good agreement of the simulation results using pa-
rameters 4 = 0.187 m?/(V +s), R;= R, = 200 Q (curve 1)
with the experimental data (curve 4) [17].

Fig. 4 presents the output characteristics of GFET 2
at different channel lengths. The calculations were done
for Vs = —1.5 V. Curve I corresponds to the channel
length of 3 pm, curve 2 — 6 um, curve 3 — 9 pm. It
is visible, that with an increase of the channel length the
drain current decreases considerably, which agrees with
the known data for GFET. Also a good agreement with
the experimental data (curve 4) of the paper [17] was
also received of the simulation results using parameters
h =024 m?/(V-s), R;= R, = 200 Q (curve I).

Calculations of the output characteristics of the du-
al-gate GFET 1 at various environmental temperature
(fig. 5). Were carried out by means of model 2. In cal-
culations the effective energy of the optical phonons
7Q = 55 meV was used. As it have been expected, the
drain current falls with reduction of the temperature.
At that, a good agreement of the simulation results
(curve 1) with the experimental data (curve 3) from
[16] for the case of top gate voltage the equal to —1 V
at the room temperature was obtained. During the cal-
culations we used the parameter # = 0.06 mz/(V~ s),
and R;= R, =0 Q.

Conclusion

The combined models of the single- and dual-gate
field graphene transistors based on equations of the
quantum diffusion-drift model were proposed. The
models include following important factors: 1) mobility
of the electrons and the holes; 2) quantum capacitance;
3) resistances of the drain and the source, and their pos-
sible differences. Model 1 is a simplified one and it can
be used for express engineering estimations. The re-
sults received by means of model 1 are qualitatively
agreement with the calculation results obtained with the
known models, or with the experimental data. In mod-
el 2 the electrostatic potential is found by a self-con-
sistent calculation and leads to more accurate quanti-
tative results, than model 1. Thus, its application en-
sured a good agreement of the simulation results with
the experimental data both for the single- and dual-gate
GFET. With the use of the proposed models the influ-
ence of various factors on the I'V-characteristics of de-
vices was investigated. The programs realizing the mod-
els were included in simulation system of nanoelectron-
ic devices NANODEYV [13—15].

The work was done within the framework of the "Con-
vergence"” State Scientific Research Program of the Re-
public of Belarus.
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